We present a method to include the effects of gravity in the plasma physics code Cloudy. More precisely, a term is added to the desired gas pressure in order to enforce hydrostatic equilibrium, accounting for both the self-gravity of the gas and the presence of an optional external potential. As a test case, a plane-parallel model of the vertical structure of the Milky Way disk near the solar neighbourhood is considered. It is shown that the gravitational force determines the scale height of the disk, and it plays a critical role in setting its overall chemical composition. However, other variables, such as the shape of incident continuum and the intensity of the Galactic magnetic field, strongly affect the predicted structure.
INTRODUCTION
Many astrophysical objects, from the scale of individual stars to the hot plasma of the intracluster medium, can be approximately described as being in hydrostatic equilibrium with the underlying gravitational potential. The density and temperature of the gas are related to the enclosed mass by the condition that the net acceleration vanishes. Thus, the hydrostatic equilibrium equation reads
where P denotes the total (gas, magnetic, turbulent, cosmicray, and radiation) pressure, and x is the relevant spatial coordinate. In spherical coordinates, x ≡ r, and the gravitational acceleration
is determined by the total mass M (r) contained within radius r. For a symmetric plane-parallel atmosphere, the relevant coordinate is the distance to the mid plane, z, and the gravitational acceleration is
In either case, the solution to equation (1) is
⋆ E-mail: yago.ascasibar@uam.es where P0 is the central pressure. There are many situations of astrophysical interest where ∆Pgrav(x) ≪ P0, and the hydrostatic equilibrium condition results in an almost isobaric atmosphere. However, depending on the total mass and the characteristic temperature of the gas, the gravitational field may be strong enough to have a significant effect on the structure of the system. One example of a photoionized gas where the gravitational acceleration is not negligible is the Galactic interstellar medium (ISM). Although interstellar matter only accounts for a relatively small fraction of the total disk mass, it plays a crucial role on the formation and evolution of the Galaxy. New stars are formed from the cold molecular phase of the ISM, and the energy input from the stellar population influences the structure and composition of the interstellar gas. The complex interplay between gas, stars, cosmic rays, and magnetic fields is responsible for the rich structure, dynamics, and observational phenomenology of our Galaxy (see e.g. Ferrière 2001 ).
The present work describes the implementation of gravitational hydrostatic equilibrium in the plasma physics code Cloudy, last described by Ferland et al. (1998) . Numerical details are given in Section 2 and Appendix A. Section 3 discusses the results obtained for the vertical structure of the Milky Way disk in the solar neighbourhood, and a brief summary is given in Section 4.
NUMERICAL IMPLEMENTATION
The Cloudy photoionization code computes the ionization structure, level populations, electron temperature, and ob-servable spectrum of a gas, given its chemical composition and the spectrum of an ionizing source. The program allows the user to set the gas density at the illuminated face and to choose from several prescriptions to specify how it varies with distance.
One of these prescriptions is constant pressure, which may refer to the gas or the total pressure P (x) = Pgas + Pram + P turb + Pmag + P lines + ∆P rad
where Pgas = nkT is the thermal pressure, Pram = ρv is the magnetic pressure, P lines is the radiation pressure of trapped emission lines (Ferland & Elitzur 1984; Elitzur & Ferland 1986 ) and ∆P rad ≡ ρ a rad dx compensates for the acceleration a rad due to the absorption of the incident radiation. This term is analogous to ∆Pgrav and, to some extent, one could argue that the command should already be named "hydrostatic" rather than "constant pressure" even if it did not account for the effect of gravity. Since a rad is positive (the momentum of the absorbed photons points outwards), ∆P rad induces a positive pressure gradient (see Figure 3) , whereas gravity must be balanced by a negative gradient.
We have modified the constant pressure option in version 08.00 of Cloudy to account for the gravitational term ∆Pgrav. Source code is available upon request, and a brief user guide is provided in Appendix A. The required modifications are relatively minor, and they are not expected to incur in any side effect on the functionality of the algorithm. They are currently being implemented in the development version of the code and will be available in the next official release 1 . First, new variables are created to store the values of ∆Pgrav (initialized to 0 at the illuminated face), the symmetry of the problem (spherical or plane-parallel) and the mass (0 by default) of an additional component located at the centre.
As Cloudy moves away from the illuminated face, ∆Pgrav is updated according to ∆Pi+1 = ∆Pi + ρi gi hi
where ∆Pi and ∆Pi+1 denote the old and new values, while ρi, gi, and hi are the density, gravitational acceleration, and thickness of the last zone, respectively. The gravitational acceleration is computed according to expression (2) or (3) depending on the geometry. Cloudy keeps track of the cumulative mass M (r) and the gas column density Σ(z) in each case. Additional mass components or any external (gravitational or not) potential can be trivially accounted for, simply adding the appropriate contribution to the local acceleration gi.
Finally, one has to modify the pressure loop so that the the term ∆Pgrav is added right after ∆P rad to balance the gravitational force. Then, the code proceeds exactly as in the original constant pressure case, trying different values of the gas density until the deviation from the desired pressure is smaller than the requested tolerance. 
THE MILKY WAY DISK
In order to test the proposed implementation of hydrostatic equilibrium, we consider a simple model of the ISM in the solar neighbourhood, assuming a plane-parallel geometry that is symmetric with respect to the Galactic mid plane, z = 0. The gas chemical composition (Cowie & Songaila 1986; Savage & Sembach 1996; Meyer et al. 1998) , including dust grains (Mathis et al. 1977) , is set by the abundances ISM command, while cosmic ray heating and ionization are treated following Ferland & Mushotzky (1984) with the instruction cosmic ray background (see Hazy 2 , the Cloudy documentation, for details).
Given a mid-plane density n0, the vertical structure of the disk is self-consistently computed by the program under the assumptions of ionization, thermal, and hydrostatic equilibrium. An important limitation is that the gas is described by a single density and temperature that may vary with distance, but the coexistence of different phases at the same point is not implemented (see e.g. Boulares for examples of multiphase models of galaxy disks in hydrostatic equilibrium). Another simplification is that the radiation field is assumed to strike the system from one side (in our case, the mid plane), whereas in reality the stars are distributed across a scale height comparable to that of the gaseous component (e.g. Miller & Cox 1993; Robin et al. 2003) . With these caveats in mind, it is not surprising that our simple model does not provide a perfect match to the available observational data. It should be able, though, to give a rough estimate of the volume-averaged densities and scale heights of the different ISM phases. More importantly, this kind of models offers some quantitative insight on the role played by the different physical mechanisms that may be at stake. Although the present study is mostly concerned with gravity, we will also explore the influence of the spectral energy distribution of the incident radiation, as well as the presence of an external potential and a magnetic field.
The role of gravity
To illustrate the effect of gravitational acceleration on the equilibrium structure of a generic photoionized region, we ran a first model where the incident continuum consists of the cosmic microwave background and the interstellar radiation field, interpolated from the measurements of Black (1987) by means of the table ISM command.
Results for different values of the central density n0 are plotted in Figure 1 . In all cases, there is an inner region where the gas is almost fully ionized, a thin layer of molec- ular and atomic Hydrogen at high densities, and an outer region of low-density gas where Hydrogen is predominantly neutral, becoming more and more ionized at large distances as density decreases. Gas temperature and pressure as a function of z are shown in Figure 2 . The temperature of the cold dense phase is of the order of 10 − 100 K, while the diffuse gas ranges from 5000 to 10000 K. Gas pressure is roughly constant up to the ionization front, but it decreases rapidly through the molecular layer due to the high gas densities (above 100 cm −3 ). The pressure stabilizes again in the outer region, although the gravitational acceleration imposes a negative pressure (and density) gradient. The effect increases with distance; at some point, the cumulative gas mass and therefore the gravitational force are so high that both density and pressure decay extremely fast. Gas temperature, on the other hand, increases steadily towards the Galactic halo.
This structure does not provide a realistic description of the local ISM. On the one hand, the approximation that all the radiation comes from an infinitely thin disk at the mid plane creates a photoionized region at low z. Although there is indeed a thin layer of ionized gas near the Galactic plane, composed of both discrete Hii regions and diffuse gas (see e.g. Paladini et al. 2005) , its contribution near the solar neighbourhood is negligible (e.g. Taylor sition nor the thickness of the neutral phases agree with observations of the Milky Way ISM (Boulares & Cox 1990; Ferrière 2001; Nakanishi & Sofue 2003 . Nevertheless, a central ionized region may be present in several astrophysical scenarios 3 , and therefore it is interesting to test the influence of gravity in this particular example.
The role of gravity can be assessed by comparison with the standard constant pressure solution, depicted in Figure 3 for a mid-plane density n0 = 0.5 cm −3 . The vertical structure of the disk is basically the same (i.e. gravity does not play a significant role) up to the ionization front. There, the temperature decreases sharply, and the density has to rise accordingly to compensate. In the standard implementation, pressure increases in order to balance the radiative acceleration (∆P rad > 0). The effect is very significant near the ionization front, but it rapidly decreases as photons become absorbed. Although the pressure keeps increasing monotonically with z, the slope is quite shallow, and the physical state of the gas in the outer region (density, chemical composition, and temperature) remains approximately constant. Thus, the main effect of gravity on a plane-parallel atmosphere is to set the extent of the molecular layer and the total scale height of the system. Without gravity, the neutral (mostly molecular) layer would simply extend to infinity, as can be readily seen in Figure 3 .
The incident radiation field
As discussed in the documentation of the table ISM command, ionizing radiation between 1 and 4 Rydberg is heavily Figure 5 . Effects of the incident continuum on the vertical structure of a model with n 0 = 1 cm −3 . The table ISM case is depicted in Figures 1 and 2 . The two top panels show the molecular, neutral and ionized Hydrogen densities for the incident radiation fields obtained by applying the extinguish command and the transmission through a uniform slab. The third and fourth panels show the gas temperature and the total pressure in each case.
absorbed by the neutral Hydrogen in the ISM so that few such photons exist, at least in the Galactic plane. In order to describe the actual radiation field incident on a typical region in the Galactic plane, the use of the extinguish command is recommended. However, it is also stated that this command should not be used except as a quick test, and a more physical extinction of the continuum may be accomplished by transmitting it through a model of the absorbing slab.
For the sake of simplicity, we assume a uniform density of 1 cm −3 and a total column density of 10 21 cm −2 , appropriate for the Milky Way disk (Dickey & Lockman 1990 ). The main difference between the resulting continua, shown in Figure 4 , is that the extinguish command does not affect the energy band between 0.1 and 1 Rydberg, responsible for molecular Hydrogen photodissociation. When the incident radiation field is propagated through the ISM, many of these ultraviolet photons become absorbed by the dust component and re-emitted in the far infrared.
The details of the interstellar radiation field have a dra- Figure 6 . Total stellar mass density (solid line) and contributions of individual populations with different ages (dotted lines) according to Robin et al. (2003) . The approximation given in equation (7) is shown as a dashed line.
matic impact on the vertical structure computed by the code. Figure 5 compares the results obtained for n0 = 1 cm −3 using the extinguish command and those obtained by propagating the table ISM field through the uniform slab before reaching the Galactic mid plane. The main difference between either method and the unextinguished case represented on the top panel of Figure 1 is the absence of the inner layer of ionized gas. Central temperatures and pressures are almost two orders of magnitude lower, and, since there is no phase transition associated to any ionization front, the density of the cold neutral material is equal to n0, also orders of magnitude lower than in the model without attenuation.
The absorption of the ultraviolet photodissociating radiation turns out to be very important as well. The location of the transition from the cold to the warm neutral phase may change by a large factor, but the most relevant issue is the predicted fraction of Hydrogen in molecular form. In particular, the extinguish command overestimates the photodissociation rate so much that there is virtually no molecular Hydrogen at all. Our results can only strengthen the advice given in Hazy of modelling the absorbing material rather than using the extinguish command.
Stellar mass and Galactic magnetic field
We have shown that photoionized regions must have a finite extent because of self-gravity. The exact value of the characteristic scale length depends, however, on many other factors. For instance, the gas may represent only a small fraction of the total mass of the system, and there can be a significant amount of non-thermal pressure support from turbulent motions, cosmic rays, and magnetic fields (Abel & Ferland 2006; Pellegrini et al. 2007 Pellegrini et al. , 2009 ).
In the case of the Milky Way, the distribution of stellar mass in the Galactic disk can be inferred by combining number counts of individual stars and dynamical arguments. We approximate the results obtained by Robin et al. (2003) with the expression Figure 7 . Densities of the different Hydrogen phases (top panels), temperatures (third panel) and pressures (bottom panel) for two models including a stellar mass component of the form (7). In addition, one of them also includes a tangled magnetic field with an intensity B 0 = 5 µG at the Galactic plane.
where ρ0 = 0.042 M⊙ pc −3 and h * = 520 pc. This function, plotted as a dashed line in Figure 6 , provides a reasonable approximation for z < h * , well beyond the half-width halfmaximum of the distribution 4 . At larger distances, we take ρ * ≈ 0. The adopted value of the central stellar density ρ0 implies the same mass as 1.7 cm −3 of pure Hydrogen, or ∼ 1.2 cm −3 in the case of the ISM, where Hydrogen accounts for ∼ 72 per cent of the gas mass. The contribution of stars to the local density near the Sun is thus comparable to that of the gaseous component. The cumulative surface density
increases up to ∼ 17.5 M⊙ pc −2 at z = h * , about 3 times the observed surface density of Hydrogen (in all forms) at the solar radius, and 2 times that of the ISM gas, adding up the mass in Helium and heavier elements.
When the contribution of the stellar component to the gravitational acceleration is taken into account, the pressure gradient required to maintain hydrostatic equilibrium increases, and the transition between the cold and the hot phase moves inwards by about a factor of 2 (top panel in Figure 7 ). In general terms, the presence of an external gravitational potential will always push the gas distribution inwards, leading to a reduction of the relevant scale lengths and the total gas mass obtained for the system.
On the other hand, magnetic fields tend to counteract the action of gravity. Due to the effect of line dragging, the intensity of a tangled field increases with gas density as B ∝ n 2/3 (observationally, B ∝ n κ , with 0.5 < κ < 1, see e.g. Crutcher 1999; Henney et al. 2005) , and the associated magnetic pressure varies as Pmag ∝ B 2 ∝ n 4/3 . This equation of state is stiffer than that of an ideal gas, and therefore a much milder change in gas density is necessary in order to achieve hydrostatic equilibrium.
The second panel of Figure 7 shows how the inclusion of a tangled magnetic field with mid-plane intensity B0 = 5 µG (Beck 2001; Heiles & Crutcher 2005 ) changes the structure of our ISM model. As can be inferred from the bottom panels, the magnetic field provides most of the pressure support against gravity. The extent of the cold phase increases by roughly an order of magnitude, reaching now hundreds of pc. In the outer, hot layer, pressure is dominated by the thermal component, and the magnetic field (for our adopted value of B0) does not play a significant role.
Comparison with observations
Our single-phase model can only describe the average properties of the ISM. More precisely, it should be able to predict the density of molecular, atomic, and ionized Hydrogen as a function of the distance z from the mid plane of the Galaxy, averaged over some scale larger than the typical size of the inhomogeneities.
Much observational work has been devoted to the determination of the average vertical structure of the Milky Way ISM near the solar neighbourhood. For the ionized component, we will adopt the distribution derived by Reynolds (1991) nHII(z) cm −3 = 0.015 exp − z 70 pc +0.0025 exp − z 900 pc (9) from pulsar dispersion measures, where the first term represents the contribution from discrete Hii regions near the Galactic plane, and the second term corresponds to the diffuse ionized gas. For the neutral Hydrogen, we use the formula is represented by shaded areas enclosed by dotted lines. This estimate roughly corresponds to the actual errors quoted in Reynolds (1991) , and it is substantially smaller than those in Nakanishi & Sofue (2006) . No information about the observational errors is provided in Nakanishi & Sofue (2003) , but, given the large dispersion in the Hydrogen column densities along different lines of sight (Dickey & Lockman 1990) , as well as the amplitude of the fluctuations in the azimuthallyaveraged surface density profiles, 20 per cent is arguably a realistic estimate.
The results of a model with central density n0 = 1 cm −3 , central magnetic field B0 = 5 µG, and a stellar distribution given by equation (7) are also shown in Figure 8 as black solid lines. Although the model gives a reasonable order-of-magnitude estimate (in agreement with the observed values within a factor of two) of the scale height of the Galactic disk, as well as the densities and total masses of both atomic and molecular Hydrogen, there are some important discrepancies: first, the molecular fraction near the mid plane is severely underestimated; second, the central density is almost a factor of 2 above the observed one; and third, the amount of diffuse ionized gas is extremely low over the whole radial range, especially in the inner regions.
The first two problems are closely related. One could easily specify a lower mid plane density, but then the amount of molecular Hydrogen would decrease to unacceptably low levels. It seems that, even after transmission through a column density of 10 21 cm −2 , the intensity of the photodissociating continuum is still too high for molecules to form at the observed rate. The third problem is also related to the simple prescription adopted for the incident continuum, since almost all the ionizing radiation becomes absorbed before reaching the illuminated face. In reality, young stars are spread around the Galactic plane. Adding any thin source of ionizing photons at the mid plane results in an Hii region qualitatively similar to the one observed in Figure 1 ; in order to reproduce the observed ionization fraction, one would need to specify a distributed radiation source, but such feature is unfortunately not currently implemented in Cloudy.
The values of the model parameters can be tuned to better match the observed total density profiles and the molecular Hydrogen fraction. Blue solid lines in Figure 8 shows the results of a model where the mid-plane density is set to n0 = 0.75 cm −3 , the intensity of the magnetic field is B0 = 4 µG at the centre and varies with gas density as (B/B0) = (n/n0) 0.5 , and the incident continuum has been propagated through a column density of N (H) = 10 22 cm −2 . Nevertheless, we strongly advise caution when interpreting these results. Although the fair agreement obtained for the atomic and molecular data provides encouraging support for the validity of our implementation of gravity, a more realistic model of the ISM is clearly required in order to derive robust quantitative constraints on its physical properties. Based on our crude model, we would simply argue that reasonable values of the input parameters (in particular, central gas density and magnetic field) yield reasonable scale heights for the disk. Atomic and molecular Hydrogen densities typically agree with observations within a factor of two, but a prescription for distributed sources is necessary in order to model the ionized component.
CONCLUSIONS
The present work describes an implementation of gravity in the well-tested photoionization code Cloudy. For an atmosphere in hydrostatic equilibrium, the gravitational force has to be balanced by a pressure gradient according to equation (4).
By way of example, we consider a plane-parallel model of the Galactic ISM in the solar neighbourhood to illustrate the influence of the gravitational acceleration on the physical properties of the gas. The main result, valid in the general case, is that gravity sets the scale height of the system. If self-gravity is not accounted for, there is nothing that prevents the gas (mostly molecular at large radii) from extending to infinity. When gravity is present, the pressure has to decrease in order to maintain hydrostatic equilibrium, and the gas becomes less dense. The precise structure depends on many other variables; we have investigated the effect of the incident radiation field, the presence of an external mass, and a tangled magnetic field, but other ingredients, such as turbulent motions, cosmic rays, dust grains, or variations in the atomic rate coefficients (see e.g. Abel et al. 2008) , as well as the external pressure of the intergalactic medium (Silich & Tenorio-Tagle 2001) may also play an important role. To summarize, the present results show that gravity (in particular, the self-gravity of the gas) should not be neglected in studies of the structure of the atomic and molecular layers of a photoionized region, especially when one is interested in their total extent.
Concerning the specific problem of the vertical structure of the Milky Way ISM, the models discussed here are able to reproduce the observed distribution of atomic and molecular Hydrogen with an accuracy of about a factor of two, but the amount of diffuse ionized gas is severely underestimated at all heights. Much more realistic results could be obtained by providing support for distributed radiation sources, as well as a treatment for the coexistence of different gas phases at the same point.
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iterated until the optical depths converge. Finally, the main physical properties of the gas (e.g. densities, temperatures) as a function of distance, as well as the different contributions to the total pressure, are printed to output files on the disk.
